We report a detailed molecular spectroscopy study on the lowest excited electronic states of 23 Na 87 Rb for producing ultracold 23 Na 87 Rb molecules in the electronic, rovibrational and hyperfine ground state. Starting from weakly-bound Feshbach molecules, a series of vibrational levels of the A 1 Σ + − b 3 Π coupled excited states were investigated. After resolving, modeling and interpreting the hyperfine structure of several lines, we successfully identified a long-lived level resulting from the accidental hyperfine coupling between the 0 + and 0 − components of the b 3 Π state, satisfying all the requirements for the population transfer toward the lowest rovibrational level of the X 1 Σ + state. Using two-photon spectroscopy, its binding energy was measured to be 4977.308(3) cm −1 , the most precise value to date. We calibrated all the transition strengths carefully and also demonstrated Raman transfer of Feshbach molecules to the absolute ground state.
I. INTRODUCTION
In a recent paper, the authors reported the successful formation of a gaseous cloud of ultracold 23 Na 87 Rb ground-state molecules in an optical trap [1] . This achievement represents a new step in the quest for one of the current major challenge of atomic, molecular and optical physics: obtaining a dense gas of ultracold polar particles suitable for the observation of strong anisotropy of their mutual interaction. By polar particle we mean a paramagnetic atom (like Cr, Er, Dy,...) or a molecule possessing a magnetic dipole moment or a permanent electric dipole moment in its own frame, or both. In this context, the 23 Na 87 Rb molecule in its X 1 Σ + electronic ground state has no magnetic moment, and is characterized by one of the strongest electric permanent dipole moment (3.2 D) [1] among the series of ten bialkali heteronuclear species that can be created out of the association of two different alkali-metal atoms among Li, Na, K, Rb, Cs [2] . Moreover the various atomic isotopes of the alkali-metal atoms allows for creating "on demand" either bosonic or fermionic molecules, which determines the nature of their quantum degeneracy, namely the formation of a Bose-Einstein condensate or of a quantum degenerate Fermi gas. Last but not least, only five species out this series of ten (NaK, NaRb, NaCs, KCs, RbCs) are stable when two identical molecules in their absolute ground state collide together. Thus, such ultracold polar molecules are promising candidates to investigate ultracold dipolar many-body physics and novel quantum phases [3] [4] [5] resulting from their anisotropic interactions when they are exposed to an appropriate external electric field.
So far, the most successful method to create ultracold bialkali polar molecules proceeds through two main steps. First a very weakly-bound ground state molecule is created by associating ultracold atoms across a Feshbach resonance [6, 7] . A stimulated Raman adiabatic passage (STIRAP) [8] is then applied to transfer the weaklybound Fesbhach molecules to their singlet ground state, in which the molecules possess large permanent electric dipole moments. This scheme has been successfully applied for creating fermionic molecules of KRb [9] and NaK [10] , as well as bosonic samples of RbCs molecules [11, 12] . The same method has been used in Ref. [1] to create ultracold bosonic 23 Na 87 Rb molecules. In the present paper, we report on the details of the steps which lead us to this successful result, which are illustrated in Fig. 1 for the present 23 Na 87 Rb case. A typical STIRAP scheme involves three levels |1 (the weaklybound level of the Feshbach molecule), |2 (a properly selected bound level of the excited state manifold of the molecule), and |3 (the absolute ground state level of 23 Na 87 Rb), coupled by two coherent laser pulses L 1 (pump laser) and L 2 (dump laser). With properly designed shape and duration of the pulses, a model involving quantum states dressed by the electromagnetic field reveals a so-called "dark state", which is a superposition of states |1 and |3 . Decoupled from the excited state, the dark state is freed from the fast spontaneous decay of the intermediate state |2 while allowing the complete The two-photon path used in this work to create ground-state 23 Na 87 Rb molecules, and the relevant 23 Na 87 Rb potential energy curves including spin-orbit coupling involved in the proposed three-level system. The |1 state is the Feshbach state (for which squared radial probability density is drawn) with a dominant a 3 Σ + character, and is coupled through the pump laser L1 to the |2 level belonging to the strongly mixed A 1 Σ + − b 3 Π system. The dump laser L2 couples |2 to the absolute NaRb ground state level |3 . The dashed area represents the energy range explored in the experiment.
transfer of the quantum state population from state |1 to state |3 [8] .
To achieve high transfer efficiency, the intermediate state |2 must satisfy several requirements. Firstly, state |2 should strongly couple to both state |1 and state |3 . As the initial state |1 is "triplet-dominated" [13] , while state |3 is purely singlet, the intermediate states should have strong singlet-triplet mixing to achieve coupling with both |1 and |3 states. Furthermore, the FranckCondon factors, representing the vibrational wavefunction overlap of state |2 with states |1 and |3 , should be large enough to ensure strong couplings. On the other hand, the hyperfine structure of state |2 must be fully resolvable, i.e. the splitting between hyperfine components must be larger than their natural linewidth, otherwise STIRAP can be spoiled by destructive interferences between different paths.
In heteronuclear alkali dimers, triplet-singlet mixing in excited states can typically be found in the (Fig. 1) . Here, we focus on the former system since it has been studied in detail with Fourier transform spectroscopy [14] . However, we want to emphasize that high resolution spectroscopy down to the hyperfine structure, which is not available in Ref. [14] , is necessary for the present purpose.
Two types of mixed A 1 Σ + − b 3 Π energy levels are first investigated in this work, the so-called A − b 0 + and the A − b 1 ones, where the 0 and 1 indexes refer to two distinct components of the b manifold labeled with the value of the projection Ω = 0, 1 of the total electronic angular momentum (orbital + spin) on the molecular axis. The relevant coupling matrices were displayed in Ref. [15] . The hyperfine structure of the A − b 0 + levels is found too weak for being properly resolved. The STIRAP transfer via the A − b 1 levels has been successfully implemented in RbCs [11, 16] , but happens unsuccessful in the present work. Finally, a broad manifold of well-separated lines produced by the accidental mixing between the components 0 + and 0 − of the b state (the plus and minus sign being related to the parity of the total electronic wavefunction with respect to the planar symmetry containing the molecular axis) is detected in the explored spectroscopic region allows us to implement a novel scheme for an efficient STIRAP scheme.
This paper is organized as follows: In Sec. II, we describe our experimental procedure to perform our spectroscopic measurements in the presence of a magnetic field. A coarse spectrum covering 15 vibrational levels is obtained, and modeled using up-to-date molecular structure data. The hyperfine structures of three selected lines exhibiting characteristic substructures are presented in Sec. III. An effective Hamiltonian model is set up to interpret these structures, revealing the specific sublevel which is appropriate for STIRAP. Using this intermediate level, we study in Sec. IV the structure of the rovibrational ground state with two-photon spectroscopy. More details on the derivation of matrix elements of the effective Hamiltonian, and on the obtained characteristics (transition strengths, radiative lifetimes, ...) of the hyperfine manifold of the intermediate level, are provided in the Appendix.
II. SPECTROSCOPY OF THE
23 Na 87 Rb EXCITED STATES A. Experimental procedure Our experiment starts from a sample of weaklybound NaRb Feshbach molecules created via magnetoassociation involving a Feshbach resonance between the |F = 1, m F = 1 hyperfine Zeeman states of Na and 87 Rb atoms at 347.7 G [13, 17] . Starting from a mixture of 1.5 × 10
5 Na atoms and 1.5 × 10 5 Rb atoms at a temperature of about 350 nK, about 10 4 pure Feshbach molecules are obtained after ramping the magnetic field across the Feshbach resonance and removing the residual atoms [13] . At the final magnetic field of 335.6 G, the trap lifetime of these Feshbach molecules is longer than 20 ms.
Both L 1 and L 2 lasers are provided by external cavity diode lasers stabilized to a dual-wavelength coated ultrastable optical cavity with measured finesses over 25000 at both wavelengths. The short-term laser linewidths are estimated to be less than 5 kHz and the long-term drift is less than 200 kHz per day. For fine frequency control, we inserted acoustic-optical modulators (AOMs) in multipass configurations between each laser and the ultrastable cavity. The radio frequency signals driving these AOMs are generated by signal generators with Hertzlevel frequency resolutions. By changing the output frequencies of the signal generators, we can control the relative laser frequencies with a resolution of several kHz for a total scan range of up to 2 GHz. On the other hand, the absolute laser frequencies are measured by a calibrated wavelength meter with an accuracy of about 60 MHz.
The two laser beams are delivered at the vicinity of the vacuum chamber with optical fibers. They are combined by a dichroic mirror and focused onto the molecular sample along a direction perpendicular to the vertical quantization axis defined by the magnetic field. Thus, each beam can selectively drive π transitions with vertical polarization or σ ± transitions with horizontal polarization. Once the Feshbach molecule sample is prepared, we pulse on L 1 and measure the induced loss of Feshbach molecules vs. the L 1 frequency. At each L 1 frequency, a new molecular sample has to be prepared which takes about 45 seconds. Due to this low duty cycle, we first perform a coarse frequency scan with long laser pulse at the highest power. Once an excitation resonance is located, we scan the L 1 frequency with finer steps using shorter pulse duration and lower power to reveal the detailed structures. For the detection, we dissociate the Feshbach molecules into Na and Rb atoms and probe them with standard absorption image method. For this work, all the data are taken by imaging Rb atoms because of the better signal-to-noise ratio.
B. Modeling the pump and dump transitions
The efficiency of the transfer relies on the identification of a pair of pump and dump electric-dipole-allowed transitions with comparable Rabi frequencies, and thus on the detailed knowledge of the structure and the spectroscopy of the molecule of interest. The spectroscopy of the X 1 Σ + and a 3 Σ + states dissociating to Na(3s) + Rb(5s) has been carried on experimentally allowing precise determination of their potential energy curves (PEC) [17] . The A and b PEC and their spin-orbit (SO) coupling are available from the extensive spectroscopic measurements and deperturbation analysis of Ref. [14] .
Following Ref. [14] , we set up a four-coupled-channel hamiltonian [15] which accounts for the dominant SO interaction between the A state and the Ω = 0 + component b 0 + of the b state, and for the weak rotational interactions with the other b 1 and b 2 components. Note however that the b 2 component is not relevant here, as we limit our study to the J = 1 rotational levels of the excited state manifold. The R-dependent electronic transition dipole moments functions for the X − A and a − b transitions are those of our own quantum chemistry calculations [18] . Vibrational energies are extracted from the diagonalization of the Hamiltonian matrix (see Eq. 2 of Ref. [15] ) with the mapped Fourier grid Hamiltonian (MFGH) method. The resulting transition dipole moments between levels |1 , |2 , and |3 are displayed in Fig. 1 , which includes the experimental region. Note that they are labeled with a global index v referring to the eigenvalue order of the A − b coupled system. We see that within the energy range explored in the experiment, the predicted TDMs have noticeable magnitude, allowing for well-balanced Rabi frequencies for the two L 1 and L 2 lasers.
C. Overall spectrum
We report in Fig. 3 the lines detected in the range of L 1 wavenumbers from 7967 cm −1 up to 8343 cm −1 . Our theoretical model indeed confirms, in agreement with Ref. [14] that within this range the A and b states are strongly mixed and several levels have relatively large Franck-Condon overlaps with both |1 and |3 states. Each line of the spectrum corresponds to a vibrational level of the mixed A − b 0 + − b 1 states, and the corresponding assignments based on the above coupledchannel model are given in Table I . The observed levels are in good agreement with the calculations which confirms the high quality of the coupled potentials and the SO coupling functions. For each observed levels we also indicate the fractions of the A, b 0 + and b 1 components of the v levels. Several of them are characterized by a significant component on both A and b 0 + , expressing their strongly mixed singlet-triplet character. In contrast, due to the weakness of the rotational coupling of the (A−b 0 + ) states to the b 1 state, levels with almost 100% b 1 character exhibit a tiny fraction of A state, which will be of 
III. HYPERFINE STRUCTURE OF THE EXCITED LEVELS
As shown in Table I , the observed vibrational levels have a dominant character either of Ω = 0 + symmetry (from the coupled A − b 0 + states) or Ω = 1 symmetry (from b 1 ). Their hyperfine structure is expected to be quite different, as discussed below.
The spectroscopic measurements are performed at the final value of the magnetic field 335.6 G. Thus only the projection M F on the quantization axis (along the magnetic field) of the total angular momentum F = J + I Na + I Rb (associated to the quantum numbers I Na = I Rb = 3/2, and J is the rotational angular momentum of the molecule) is a good quantum number. The |1 state has M F = 2 [19] , allowing transitions towards |2 levels with M F = 1, 3 (resp. M F = 2) when L 1 has a σ ± (resp. π polarization). At 335.6 G, the lowest level of the X 1 Σ + |v = 0, J = 0 manifold has M F = 3. Therefore various polarization combinations of L 1 and L 2 are possible to achieve the STIRAP transfer, provided that the chosen |2 level fulfills the required selection rules. Figure 4 (a) shows a typical detailed spectrum of the |v = 60, J = 1 level which was our original choice for STIRAP. The hyperfine coupling is strong enough to induce significant splitting between different sublevels. The whole spectrum spans more than 600 MHz, nearly 60 times larger than the one observed for the |v = 59, J = 1 level (Fig. 5) . However, even with the position of the X 1 Σ + |v = 0, J = 0 level known from the spectroscopy using the |v = 59, J = 1 level (see next section) and the highest L 2 power available, no two-photon resonance was ever observed with this |v = 60, J = 1 level. This is consistent with the results reported in Table I where the |v = 60 level is predicted with a very little A 1 Σ + character, at the limit of what could be used for an efficient transfer to the absolute ground state [16] .
The hyperfine structure of the |v = 60 level can be modeled with the help of an effective Hamiltonian H eff inspired from the asymptotic model of Ref. [20] , expressing the interaction between the molecular orbital angular momentum L and spin S of the molecule with the magnetic field B, and with the individual nuclear spins I Na (with projection M Na ) and I Rb (with projection M Rb ) through the first-order Hamiltonian H (1) hfs . The interaction with the nuclear quadrupole moment is neglected. We choose the Hund's case (c) spin-decoupled basis |α ≡ |J ΩM J ; I Na M Na ; I Rb M Rb with 48 vectors. The H eff matrix elements are obtained in a perturbative way relative to the bare energy E v J of the excited |2 level:
hfs,α α (Na) + w Rb I Rb H
hfs,α α (Rb)
where the notation () α α holds for matrix elements of composite operators. The derivation of these matrix elements is described in the Appendix. Equation (1) assumes that the couplings between different electronic, vibrational and rotational levels are negligible: J and Ω remain good quantum numbers, while the same vibrational wave function (with energy E v J ) is taken for all sublevels. The other quantities are: the spin g-factor g S , the electron orbital g-factor g L , the Bohr magneton µ B , the mechanical molecular rotation O, and the effective coupling constants w Na and w Rb . Among the 48 vectors, only 9 M F = 1, 6 M F = 2 and 3 M F = 3 sublevels are experimentally accessible starting from the |1 state with M F = 2. We note that these numbers cannot be trivially derived, and require a careful accounting of all the 48 levels of the manifold. All these levels are doublydegenerate as Ω = 1, and this degeneracy is in principle lifted by the electronic quadrupole interaction which is not included here.
Based on this model, a fitting procedure was performed to reach the best possible matching between the calculated eigenenergies of the effective Hamiltonian [Eq. (1)] and the observed energies. As shown in Fig. 4(b) , a good agreement is obtained by adjusting the two hyperfine coupling constants only, leading to w Na = 23.9295 MHz and w Rb = 86.2171 MHz. Moreover, although the transition strengths are not included in the fitting procedure, the theoretically predicted ones are consistent with experimentally extracted values (see Sec. III D). We further applied this model with the above coupling constants to the |v = 60, J = 2 level, yielding again a good overall agreement with the experimental measurements of the energy positions and intensities [ Fig. 4(c)] . However, the population transfer with this route failed due to the unresolved hyperfine structure, as discussed in the introduction.
In principle, the effective Hamiltonian model of Eq. (1) could also be applied to the |v = 59 level. However, all the terms in this equation cancel for Ω = 0, so that second-order terms should be introduced, like the interaction involving the nuclear quadrupole moment, or the interaction with neighboring rovibrational levels. These are all small competing quantities which would be de- scribed with a significant number of parameters regarding the number of measured lines leading to more complicated calculations than in the previous case. The effort is probably unworthy as the hyperfine structure cannot be fully resolved experimentally. But it is worthwhile to check the predictive power of the asymptotic model reported in Ref. [20] , where the hyperfine structure is included as a perturbation to the Hund's case (c) PECs without rotation, and parametrized by the atomic hyperfine structure. A manifold of (2I Na + 1)(2I Rb + 1) = 16 0 + PECs is obtained, among which one M F = 3, two M F = 2, and three M F = 1 are accessible from the |1 level (with M F = 2). The vibrational energies are deduced by averaging these PECs over the vibrational wave function of the |v = 59 level resulting from a MFGH calculation performed on the coupled A − b system. These values are reported as colored ticks in Fig. 5 . Given the simplicity of the model, these individual energies should not be considered as rigorous. However, it is noticeable that a structure spread over over 7 MHz is found, in rather good agreement with the spread of the experimental structure. The asymptotic model seems to provide a reasonable representation of the strength of the molecular hyperfine structure. Actually, we also used this asymptotic model for the (Ω = 1) -dominated level |v = 60 , which allowed us to derive initial values of the coupling constants w Na = 8.7 MHz and w Rb = 87 MHz, which happened to be consistent with the fitted values. Most of the other vibrational levels we observed have similar structures. Actually, following the above discussions on the two types of "normal" hyperfine structures, it seems from Table I that none of the observed vibrational levels can simultaneously satisfy all requirements for an efficient STIRAP. Either they have no Ω = 1 component and thus have unresolvable hyperfine structures (Fig. 5 ), or they have not enough singlet character to ensure the efficient radiative coupling to the absolute ground state (Fig. 4) . Thus those levels are not suitable for STIRAP.
Fortunately enough, we recorded a well-resolved set of lines around the v = 55 level, spanning a spectral range of about 2 GHz (Fig. 6) , much larger than any expected hyperfine structure. It is composed of a central band of about 35 MHz wide, and two approximately symmetric bands 800 MHz away. Our analysis below assigns these unexpected structures to the accidental coupling between two quasi-degenerate levels of the A − b 0 + system and of the c 0 − − b 0 − system (Fig. 1 ). The v = 55 level turns out to be a great choice for STIRAP. Choosing the appropriate line among the structure as level |2 , a population transfer efficiency over 95% toward level |3 has been achieved.
In 87 Rb 2 [21] it has been shown that the coupling between Ω = 0 + and Ω = 0 − states can induce an unusually large hyperfine structure of several hundreds of MHz. Thus we examined the possibility for a similar pattern in NaRb. In 23 Na 87 Rb, the energies of the vibrational levels of the Ω = 0 + , Ω = 1 and Ω = 2 components of the b state are well-known thanks to the deperturbation analysis of Ref. [14] . However, the spectroscopy of the nearby Ω = 0 − state (resulting from the weak perturbation of the b 3 Π state by the c 3 Σ + state) is still unknown, as pure triplet levels are not easily accessible from the singlet ground-state molecule.
We build our model starting from the energies of the A − b 0 + levels of Ref. [14] . To determine the energy levels of the c 0 − − b 0 − system, we used the deperturbed b 3 Π PEC, while the c 3 Σ + PEC comes from our quantum chemistry calculations [2] . The diagonal elements of the SO coupling matrix are taken from Ref. [14] , while the unknown off-diagonal term is approximated with the Rdependent ab initio data computed in Ref. [22] for KRb. For comparison, we also performed the same calculation with an R-independent off-diagonal coupling (set to the atomic value).
It is well-established that the PECs for the b 0 + and b 0 − components are close to each other (see for instance the ab initio data of Ref. [23] showing that their minimum is separated by less than 5 cm −1 from each other). In order to evaluate the chance for two levels with dominant b 3 Π character to be close to each other in the A − b 0 + and the c 0 − − b 0 − systems, we represent in Fig. 7 GHz to +200 GHz. For the v = 55 level, we computed ∆ ≈ 15 GHz with the R-dependent SO coupling, but a slight change in the parametrization of the SO coupling could significantly reduce ∆ 0 − 0 + . We note that in this model computation, several pairs of levels are found close to each other (Fig. 7) which suggests that indeed the invoked reason for explaining the v = 55 hyperfine structure is sensible. We have therefore extended our basis used in the effective Hamiltonian model [Eq. (1)] to include both Ω = 0 + and Ω = 0 − . We thus have the basis |J Ω M J ; I Na M Na ; I Rb M Rb , with = ±1 the parity of the electronic wavefunction and J varying from 0 to 2. As the total parity is conserved, we only considered basis vectors with a total "−" parity (the one that can be reached experimentally starting from a Feshbach level of "+" parity). This implies restricting the basis set to 0 + (resp. 0 − ) levels with odd (resp. even) J values. We have finally 144 basis vectors |α distributed over the 11 possible M F values. This means for the experimentally reachable projection : 25 sublevels with M F = 1, 18 with M F = 2, and 10 with M F = 3. The matrix elements of the effective Hamiltonian are
hfs,α α (Na)
We note E the purely vibrational energies: E + (resp. E − ) for the 0 + (resp. 0 − )level. The rotational energies relevant for the present basis set are set as E + + 2B hfs for the hyperfine interaction with the nuclear quadrupole moments eqQ Na /2 and eqQ Rb /2 (where eqQ is the conventional notation for this quantity [24] ). The constant w z accounts for the fact that this coupled state has not a pure spin character, and rather an unknown singlet-triplet mixture, thus influencing the Zeeman energy. The derivation of these matrix elements is described in the Appendix.
Due to their expected small magnitude, the H
hfs terms will mostly concern the structure of the central band. Therefore, in a first step we set eqQ Na /2 and eqQ Rb /2 to zero,and w z = 0.94624789 is the computed percentage of b 0 + character of the v = 55 (namely, the value which was rounded off in Table I ). Four parameters are left free to achieve a rough fit of the broad structures: w Na , w Rb , the splitting ∆ 0 − 0 + , and the energy E + . The quantity E + + 2B 0 + is initially fixed to the tabulated energy of the |v = 55, J = 1 level (with the experimental value B 0 + = 1946.054947 MHz extracted from Ref. [14] ), but as the center-of-gravity of the structure is a priori unknown, E + must be considered as a variable parameter. Thus we obtain initial values to perform a second fit now including w z and B 0 − . As illustrated in Fig. 8 are very close to each other (consistent with the closeness of their PECs), and that w z is only slightly changed by the fit (so that the computed triplet-singlet mixture seems accurate).
In an attempt to represent the central lines, all the previous parameters are kept fixed to their values above, while the coupling constants of the electric quadrupole interaction are varied, yielding case, the width of the manifold is in satisfactory agreement with the recorded lines, but the positions cannot be accurately reproduced as several small competing interactions that could bring a contribution at the MHz level have been neglected. We point out though that adding several competing operators will increase the complexity of the model (i.e. the number of free parameters) and it will become difficult to derive meaningful results with so few experimental data points being available for the regression procedure. Uncertainties on the exact position of the sublines will also make difficult any attempt to improve the current model. 
D. Calibration of the pump transition strength for STIRAP
To calibrate the coupling strength of the pump transition from the Feshbach state |1 to the selected substructure |2 of |v = 55, J = 1 (Fig. 6) , we scan the frequency of the laser L 1 while keeping the pulse duration fixed [ Fig. 9(a) ] and the pulse duration of the laser L 1 while keeping its frequency on resonance [ Fig. 9(b) ]. The resulting line shape and time evolution can be fitted following a standard procedure [16] . The excitedstate spontaneous decay rate is found to be γ = 2π × 0.67 MHz, corresponding to a lifetime of 238 ns. Together with the measured beam profile of L 1 , the normalized Rabi frequency is determined asΩ 1 = 2π × 1.01kHz × I/(mW/cm 2 ), which corresponds to a TDM of about 0.0007 a.u.. Such a transition strength allows for generating Rabi frequencies larger than 1 MHz with our available laser power. This transition strength coupled with the large hyperfine splitting make the |v = 55, J = 1 level an ideal intermediate level for efficient STIRAP.
For completeness, we report in the Appendix the complete list of the sublevels of the |v = 55, J = 1 manifold, with their main experimental and theoretical characteristics. In particular, it is found that the TDM extracted from experiment for the chosen |2 level is consistent with the calculated one equal to 0.00047 a.u.. In contrast, the lifetime of the selected hyperfine level is calculated at 531 ns, twice larger than the measured value above. We argue in the Appendix about the possible explanation: the accidental predissociation of the (A − b 0 + ) induced by the rotational coupling of the b PEC with the repulsive branch of the the a 3 Σ + state at short distances (see Fig. 1 ), as already suggested in Ref. [25] . 2 ) than the pump one is used for obtaining this spectrum, so that the hyperfine structure is not resolved. The red curves are Gaussian fits for extracting the line centers.
IV. GROUND-STATE SPECTROSCOPY
A. Rotational and hyperfine structures of the v = 0, J = 0 ground-state level
Because of its A 1 Σ + character as high as 5%, the |v = 55, J = 1 levels can efficiently couple to the |v = 0, J = 0 level of the X 1 Σ + state. Figure 10 displays the two-photon spectrum obtained by scanning the dump laser L 2 with L 1 kept on resonance. When L 2 is tuned to the resonance between the |2 level and the |v = 0 level of the X 1 Σ + state (the |3 level), the position of the excited state is shifted due to the AC Stark effect. The L 2 laser can be brought to power large enough to shift L 1 off resonance. As a result, the loss of Feshbach molecules caused by L 1 is reduced and a two-photon resonance shows up as a recovery of Feshbach molecules. Figure 10 includes two such two-photon resonances to the |v = 0, J = 0 and |v = 0, J = 2 levels. From the interval of the two peaks, one can extract the related rotational constant B X 0 = 0.0697 cm −1 , consistent with previous result [17] . From the frequencies of L 1 and L 2 , the binding energy of the absolute ground state of 23 Na 87 Rb relative to the origin given by the hyperfine center-of-mass of both atoms at zero magnetic field is determined to be D [27] . The present determination is certainly more accurate as it results from a direct difference of two frequencies, while the previous values were derived from the reconstruction of the PEC from spectroscopic data.
The |v = 0, J = 0 level of the X 1 Σ + state is actually split into (2I Na + 1)(2I Rb + 1) = 16 hyperfine sub- 1.583
2.537 -levels due to the atomic nuclear spins. At 335.6 G, the splitting between these structures is dominated by the nuclear Zeeman effect. We can thus label the hyperfine structures with M Na and M Rb for the projections of the nuclear spins along the magnetic field. Since the X 1 Σ + state has no electronic spin and a vanishing projection of the electronic orbital angular momentum, the projection of the total molecular angular momentum M F equals to M Na + M Rb . As listed in Table II , the M F = 3 level is the absolute ground state for 23 Na 87 Rb. Despite the noticeable magnetic field of 335.6 G, the hyperfine structure is spread over 2.5 MHz only, while the spacings between adjacent structures are typically 10 times smaller. Our final goal being the transfer of the population into a single quantum level, namely the M F = 3 one, the hyperfine structure must be resolved, requiring low Rabi frequencies (typically 2π × 1 MHz in our case) in order to keep a small two-photon linewidth. The resolved hyperfine structure in Fig. 11 is obtained with pulse length of 30 µs, and a L 2 laser power more than 100 times weaker than in Fig. 10 . Starting from the Feshbach state |1 with M F = +2, with the polarization of L 1 set to vertical (π-light), only six hyperfine levels can be accessed with two different L 2 polarizations (Table II) . The observed level spacings agree well with the calculated ones [1] using parameters from ab initio calculations for the hyperfine couplings [28] .
B. Calibration of the dump transition strength
To calibrate the coupling strength between the |2 and |3 levels, two-photon "dark state" spectroscopy is performed onto the hyperfine ground level of the |v = 0, J = 0 state [1] with both L 1 and L 2 locked to the reference cavity. The L 2 laser is kept on resonance, while the frequency of L 1 is scanned with the AOM, as illustrated in the level scheme in Fig. 12 . When the twophoton resonance is satisfied, a small window of Feshbach molecule recovery shows up due to quantum interference even with rather low dump Rabi frequency. Figure 12 shows a typical "dark state" spectrum with the spacing between the two dips directly yielding the dump laser Rabi frequency. To avoid the influence of nearby hyperfine levels, the Rabi frequencies are relatively small which results in a non-perfect dark resonance due to the finite laser linewidths.
This three-level system can be modeled by the master equation [29] incorporating decoherences caused by both the spontaneous decay of the three levels and the finite linewidths of the two Raman laserṡ
with L η (ρ) ij = −η ij ρ ij (i, j = 1, 2, 3). Here, ρ is the density matrix, H is the Hamiltonian of the system, Γ is the matrix representing the decay rates of the three levels, and η is the matrix representing the linewidths of the two lasers. Assuming that the two Raman lasers are independent, then we have η 13 = η 12 + η 23 . Fitting the experimental "dark state" spectrum with Eq. (3) using our estimated laser linewidths of 5 kHz [30] , and the pump laser parameters from the aforementioned calibration, we obtain the normalized dump Rabi frequencȳ
, and a TDM of 0.021 a.u.. Indeed, the dump transition is much stronger than the pump transition. This value is in remarkable agreement with the calculated one (0.034 a.u.) reported in the Appendix. FIG. 12. Two-photon dark-state spectroscopy for calibrating the dump transition strength. The L2 frequency is kept on resonance and the L1 frequency (and thus the detuning ∆1) is scanned. The red solid curve is the result of the fit of the signal using Eq. (3) with a pump Rabi frequency of 2π×0.169 MHz and the excited lifetime of τ =238 ns. The dump Rabi frequency extracted from the fit is 2π×0.225 MHz, which corresponds to a normalized Rabi frequency ofΩ2 = 2π×23.2 kHz × I/(mW/cm 2 ) and a TDM of 0.021 a.u..
V. CONCLUSION
We have performed a detailed spectroscopic investigation of several selected vibrational levels of 23 Na 87 Rb excited electronic states, exhibiting various characteristic patterns for their hyperfine structures. We developed a theoretical model for these hyperfine structures based on an effective Hamiltonian, which parameters were fitted to successfully reproduce the energy positions and intensities of the observed lines. We identified a specific level arising from the accidental coupling between two excited electronic states of 0 + and 0 − symmetry, ideal for transferring 23 Na 87 Rb Feshbach molecules to the absolute ground state with STIRAP. After careful calibrations of both the pump and dump transition strengths, a high efficiency STIRAP transfer is demonstrated [1] , which allowed us to produce a high density sample of polar 23 Na 87 Rb molecules in their absolute ground state. As a side result, we also obtained a significant discrepancy between the measured and the computed lifetime of the selected levels, assigned to its predissociation through the repulsive branch of the lowest triplet electronic state, thus competing with radiative decay. This coupling, often referred to as heterogeneous perturbation [31] and invoked for instance in Refs. [25, 32] , is not taken in account in our model.
Given the density of rovibrational levels in heavy alkali dimers, it is likely that the accidental coupling of the 0 + and 0 − electronic states could be detected in other species as well, thus offering a robust STIRAP scheme. However the prediction of the energy location of such coupled levels is hopeless without a careful investigation of the related A − b 0 + system. Note however that their spectroscopy has been investigated for several heteronuclear alkali pairs, so that a careful reexamination of the data could reveal such an accidental perturbation. Explicit expressions of the matrix elements of the effective Hamiltonian terms are given in the uncoupled basis |JΩM J M Na M Rb . We considered the magnetic dipole interaction (rank 1 hyperfine operators), the electric quadrupole interaction (rank 2 hyperfine operator), the Zeeman effect and the rotational operator.
a. Hyperfine operators
Following [24] , the hyperfine operators can be written as a linear combination of Q k q V k −q with Q k q (resp. V k −q ) being a spherical tensor of rank k acting on the nuclear coordinate (resp. electronic coord.). Working on a decoupled basis set, the matrix elements are directly
(A.1)
The following equations are derived for Na and are obviously identical for Rb. Using the Wigner-Eckart theorem on the nuclear part we get for an operator acting on the nucleus Na where (...) is a 3j-coefficient, which is non-zero only for q = M Na − M Na . Note that the latter q integer is not identical to the q character present in the standard notation [24] eqQ for the nuclear quadrupole interaction. The reduced matrix element is given by For rank 1 operators, II|Q k q ||II is usually defined as the magnetic moment g I µ N I with g I the nuclear g factor and µ N the nuclear magneton. For the rank 2 operator the matrix element is the nuclear quadrupole moment We finally obtain for the magnetic dipole and electric quadrupole operators acting on Na i |H mag (Na)|i = w Na I Na i |H (1) hf s |i ; (A.5)
i |H eqQ (Na)|i = 1 2 eqQ i |H (2) hfs |i , (A.6) 
